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Abstract

Planetary missions of the future will have increasingly greater energy requirements
due to the desire. forin-situ investigations and faster flight times.  Solar electric propulsion
provides a means of more cffectively accomplishing these types of missions. The first
planctary low-thrust mission will fly by an asteroid and a comet, and will be launched in
1998. This mission will demonstrate solar electric propulsion technology, and lay the
groundwork formore exciting missions in the future. "I'hrcc missions represent at ive of the
types of future missions for which solar electric propulsion might be used are shown. The
performance of solar electric propulsion systems arc conpared to chemical S ystems, with
the solar electric significantly outperforming the chemical system in each case.

Introduction

The stratecgy Of how to explore the solar  system 1S currently undergoing
revolutionary changes. Previous missions have flown by al the plancts except Pluto, and
have also visited sever a comets and asteroids.  These initial reconnaissance missions have
returned awealth of scientific information, but the next stage of’ exploration will require
in-situ investigations with planetary orbiters, surface rovers, and sample returns.  'This
phase of planctary exploration began with missions like Viking, Galileo, and Cassini, and
are considerably more challenging froman engine.crilig standpoint than simple flyby
missions. ‘Vhere is an obvious desire for larger spacecraft with more instruments to probe
c.very facetof aremote surface. Also, and more directly 1clated to the subject of this paper,
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the propulsive requirements to perform these missions are considerably more demanding.

This may | cquire a rendezvous and planctary capture or a fast flyby (or impactor) of some
object in the outer solar system (i.c. Pluto).

Onthe other hand, the need to perform good planetary scicnce onsimaller budgets is
driving, the industry to smaller launch vehicles, 1ess complicated flight systems, and shorter
missions. 1 low can the realities of smaller budgets be reconciled with the. scientific
requirements for more challenging missions? We suggest that part of the answer is more
cfficient propulsion systems.  Currentsolar clectric systems can deliver specific impulses
on the o der of 3000 see, as opposedto around 310 sec for space st orable chemical
propellants. Of course one dots not get a ten-fold increase in perfor mance, because the.
long thrustarcs of a solar clectric propulsion (S1 i]’) system suffer more from gravity
losses. Nevertheless, this difference is too large to ignore fos missions with  significant
post-launch propulsive requirements.  The Ncw Millennium Decp Space 1(DS1)
mission [11willfly by an astcroid and a comet, will demonstrate the viability of solar
clectric propulsion technology, and will pave the way for some truly exciting missions in
the next several decades.  inthe following, wc will compare the performance of
conventional (or chemical) trajectorics with SEP trajectories.  The weds chemical and
conventional will be used interchangeably.

The acquisition of launch services is one of the largest cost clements for an
interplanctary mission.  There is always inuch interest in flying on the smallest (least
expensive) vehicle. Below we will show examples of three missions of current interest
which if done conventionally would require at least a current Delta [1 7925 capability: a
rendezvou s of the main belt asteroid Vesta, a Pluto flyby, and a Phobos sample return. We
show (hat several of these missions could be performed on the much smaller (- half the
performance ) and less expensive Delta 117326, even assuming a simall flight system siinilar

to thatplanned for DS 1. The cost of the Delta 7326 is currently estimated in the range of




$40M 10 $45M, while the Delta 7925 is between $50M and $55M. Also, in cases where
the Taunch vehicles are the. same, the delivery capability of the S1 ¢ mission is vastly
superior.

Optimizing continuous thrust trajc.dories is more difficult than that of optimizing
impulsive trajectories in that the thrust vector is continuously changing over large. portions
of the mission as opposed to optimizing a relatively small number of “discrete” impulses.
AJPL, the tool used to optimize these trajectories is VARTTOP [2,3]. It uses a traditional
“calculus-of-vari ations” (COV) approach and has been a “woikhorse” for solving this
problem for many years. Planctary flybys are capable of significantly leveraging mission
performance for either chemical or SEP trajectories.  Unfortunately, experience has shown
that the convergence of the (COV approach isextremel y sensitive to numerical perturbations
which arise when planctary flybys arc added to the problem. Therefore, any technique
which dots not have this sensitivity and either replaces the variational technique or provides
some knowledge of the optimal solution from which to start the variational approach would
be very beneficial. We have reported in thic past a new appr oach for opt imizing these
trajectories [4].  Wc used this technique to provide a starling point for several of the
trajectories below which were. subsequent 1y opti mized with the. vari ational code.

In this paper wc will compare the performance of SEP and chemical flight systems.
By performance, wc mean cither the burnout mass or the propellant mass required to
deliver it to the. required destination. The suin of these two is the injected mass detes mined
from launch vehicle performance curves. 1 *or chemical systems the rocket equation is
appli ed 10 a scparately optimized trajectory to determine the il nout and propellant masses.
For the SHP systems, a mass opt inization is performed by VA RITOP such that the burnout
mass is maximized by varying the thrast profile and planetary encounter conditions.  'The
launch C, (and therefore injected mass) may also be varied by the program inoider

maximize burnout mass. We make no atiempt in this paper to quantify cither the mass or




cost Of various subsystems. These estitnates will come from a more detailed analysis of
cach mission, and will be dependent on the level of technology assume.d in that analysis.
W C chose to preserve the generality of our results, rather than attempt to make these

cstimates.
First SKP Mission

The first interplanctary mission to use SEP for its main propulsion will be 1) §].
This will be the first ina series of technology validation missions in the Ncw Millennium
Program. Currently, DS1 is scheduled to launch in July 1998, 1t will fly by both an
asteroid (3352 McAuliffe) and a comet (West-Kohoutek- Ikemura (W-K-I)) over atwo year
period. The trajectory is shown in Yigure 1. The dotted lines in the figure representorbits
of the bodies involve.d (Larth, McAuliffe, and W-K-1). 'The solid lines along the trajectory
arc thrust arcs, and the spaceciaft is coasting along the dashed arcs.  Tic marks alonig the
trajectory arc shown al 30 day intervals.  Icons along the trajector Yy represent
discontinuitics, which may be planetary flybys, thiust/coast transitions, orthruster
throttling?, This mission, which Will be launched on a Delta 7326, has ample mass mar gin.
The surplus launch capacity will probably be used for two sccondary payloads. At the time

this paper isbeing writlen, the current estimate of spacecraft mass is about 388 kg.
¥IG. 1- FirstInterplanetary Solar Electric Mission (DS 1),

The primary purpose of this ission IS to validate several key technologies, as
discussed in Reference [1]. The NASA SEP Technology Application Readiness (NSTAR)

program iS @ joint IP1 /1 ewis Research Center effortto validate low-power ion propulsion

$ The 1on propulsion system (IPS) adjusts voltage, beam current, and mass flow rate to
achieve a desired thrust within 16 discrete intervals (or states) between a maximum and
minimum input power. As the power varics with solar range, the IPS “throtiles” between
successive states,




which was begunin 1992, The NSTAR system wil Laccelerate Xe'ions through a
molybdenum grid in & 30-cm thraster, producing about 90 mN O f  thru st at maximum
thruster power (2.3 k W) and about 20 mN at minimum power (0.52k W). Ttiuster input
powet IS reduced from that provided by the solar array due to inefficiencics in the power
processing unit. The efficiency Of this system (including the power processing hardware)
varics considerably with power avail able. 11 achieves aspecific impulse of’ about 3280 see
at maximum power, andabout 1990 at minimum power. Power wi Il be provided by
another ncw technology item, the Solar Concentrator Atrays with Refractive 1incar
tlement Technology (SCARILET), which is being provided by the Ballistic Missile Defense
Organization. This array uses cylindrical Fresnel lenses to concentrate sunlight onto
GalnP,/GaAs/Ge cells arranged in strips expected to achieve at least 24% efficiency.
Throughout the paper, unless other wise specified, values given for power available arc
values normalized to 1 astronomical unit (All).

S1:P typically outperforis conventional propulsion systems for missions with
larger propulsive requirements.  The energy requirements of this inission arc rather
moder ate,, so that S1 <P is not an ecnabling technology, but it is expected to be extensivel y
exercisedon DS 1. It is hoped that a successful demonstration of SEP on1DS 1 will lead to

the use of this technology on much more challenging missions like those discussed below.
Future Missions

Vesta Rendezvous

An excellent example of the strong desire for in-situ investigations mentioned above
is amain belt asteroid ren dezvous. The Galileo mission (0 Jupiter flew by Ida and Gaspra.
NEAR will fly by Mathilde, and rendezvous with the ncar-Barth asteroid ros. Among
other things, investigators want to mecasure gross propetlics such as mass, volume, and
density, characterize the object’s surface, and perform high resolution multi-spectral

mapping of the surface |5]. These activities require a ¢l osed orbit and weeks to mont hs of




investigation. Vesta IS one Of the most attractive targets for such a mission. It iS one of the
largest (main belt) asteroids (755 km radius), and is believed to be the parent body for a
certainclass of mete.oritcs (cucrites). 1 ividence which links meteorite samples o known
asteroids iSavailable in only afew cases.  Itwould be highly desirable 1o closely examine
an asteroid surface which wc suspect to be the parent hod y of meteorite samples.

Using chemical propulsion}, this mission is too demanding for the Discovery class
missions being studied today. ‘1'able 1 shows a performance comparison of three
conventional tragjectories with two SYiP trajectorics. Most of the opportunit ics shown
Jaunch in 2005 because of the favorable Mars-Vesta gcometry in that year. An extensive
study of double-Mars gravity-assist chemical trajectories to main belt asteroids has been
conducted [0]. ‘1" here are no double Mars opportunities to Vesta in Ref. 6 which launch in
2005, so a 2003 opportunity is strewn. ] double Mars fl yby trajectorics characteristicall y
have long flight times, but offer the best possible chemical performance to main belt
objects. ~able 1 shows performance on the Delta 7326 and 1 Xclta 7925. The direct and
single Mars gravity-assist conventional trajectorics have inadequate performance to be of
any practical consideration, cven on the larger Delta 7925, It may be possible to fly this
mission on the large.r 7925 using a double Mars option, but this would require a very long
flight time (6.3 yrs). The two SEP options have good mass performance combined with
shor( flight times, and thercfore clearly offer a superior mission,

Figure 2 shows the per formance of the two SHP trajectorics as a function of flight
time on cach launch vehicle.  The burnout mass includes al mass except the xenon
propellant. The fast flight times around 1.3 years involve a range. of (:, around4to 6
km’/s” cm the Delta 7925 increasing up to 55 to 65 kin’/s” ncar 2 8 years. The range of (‘3
onthe Delta 7326 is smaller (0,7 to 30 km?/s?).  The performance curves begin changing
slope at flighttimes bc.[wee.n 1.7 and 2.() years. Wherie the curves are flat (1 delta 7326)

nothing isreally gained by the. longer flighttime. Therendezvous reall y occurs around 1. 8
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years, and forlongerflighttimes, the remainder IS justa coast phase. Inthe case of (e
Delta 792S curves, the change inslope  corresponds to the introduction of an additional
coastai¢. In cach case, the Mars gravity-assist trajectory (solid lines) delivers more mass
whilc using less propellant (except for very fast flight times where the performance is rather

poor anyway).

TABI.E 1 - SP vs. Chemical Performance for Vesta Rendezvous

DII.TA DIITA
TRAI PROPULSION | 1LAUNCH |FLIGHT 7326 7925
DATYE TIME. | BO/PROP* | BO/PROP*
(YR) (KG) (K(i)
DIRECT CHEMICAL, | JUI.2005 | _41 ~ 64/159 |__1421354
TT'MARS "CHEMICAL , | AUG 2005 |- 1.8 —[ 1021276 | _208/561
MARS-MARS [ CIIEMICAL, | JUN 2003 63 |."150/216 | _307/442"
DIRTICT SEP T | SUMMIR 2.0 405/ 146 | 596/171
2005
~ T MARS SEP 7 ] SUMMER 2.0 | 436/113 6(E37123
2005

4: BO 7 PROP - burnout mass / propellant mass (sum of these numbers is injected mass)

¥J G. 2- SHP Performance for a Vesta Rendezvous Trajectory.

Figure 3 shows the direct SEP trajectory launched on the Delta 7326 shown in
Table 1.1t has a two year flight time with ii Jow launch energy (C, = 0.93 km?/s%). This
trajectory optimizes to one With two coast arcs between the three * ‘cont inuous” thrust i ng
scgments. Note that the launch C, is an optimized parameter.  VARITOP maximizes the
burnout mass by modifying the thrust profile (direction of the thrust vector as well asthe
duration of the coast/thrust segments), and optimizing (°, subject to the constraint of the
launch vehicle performance. “1 he Mars gravity-assist version is shown in Figure 4. It has

a(, of 1.01kin’/s?, and also hasa 2 year flight time. Comparing Figures 3 and 4, one can




k)

sec thatthe Mars flyby “replaces”™ the second thrust arc on the direct tajectary, thereby

accounting for the reduction in propellant consumption mentioned above.,
1

IIG . 3 - Dircct SEP Vesta Rendezvous Trajectory (Delta 7326).
I'1G. 4- Mals Gravit - Assist Trajectory 1o Vesta (Delta ‘/3?,6).

Pluto Flyby

In addition to rendczvous missions, it is also possible to use SEP to increase the
heliocentric energy of a trajectory to achicve fast flight times to the outer solar system. One
application of cutrent interest would be the Pluto Express mission.  Considerable effort has
been devoted to finding good trajectory oppor tunities for this mission [7]. The project is
currently planning to use a con ventional chernical propulsion system. The primary mission
launches in Marchi 2001, with a backup mission opportunity in July 2002. The backup is a
product of Reference | 7]. Fach has a 12 year flight time. The primary tiajectory includes
three Venus flybys prior to the Jupiter encounter, and the backup only two, though the
performance isless on the. backup.  The key to these. trajectories is a Jupiter encounter
which provides the benefit of a large gravity -assist. The set of opportunities is restricted to
only a few years due to the geometry between the outbound trajectory, Jupiter, and  Pluto,
along with the nced to keep the Jupiter flyby radius beyond about six Jupiter radii (R)) to
minimize the exposure of spacecraft clectronics to Jovian radiation. For reasonable flight
times, these trajectories arc generally characterized by large deterministic maneuvers (- 2
km/s) ncar the final Venus flyby. lLarge mancuvers that near the sun arc undesireable
because they may imposc additional requitements (it: thermal, pointing, ¢te . ..) on the
space.crafl design. A spacccraflt mass of about 360 kg can be delivered on a Delta 7925

with the.plimary mission, butonly about260kg is possible with the backup.




An excellent SEP alternative for this mission, which launches in July 2002 on a
smaller Delta-1 .ite (a vehicle intended to be smaller andless expenstve than the Delta 7326),
has been found by other investigators at 1), 18], It delivers 370 kg (burnout mass) with a
3.3'/5 kW solararray. 1t is the S10' version of the current chemical backup trajectory, but
has a faster flight time, and significantly better performance: (370 kg in 10.2 years ona
smalllaunch vehicle vs. 260 kg inl ? years on aldclta 7925).

Onc of the criticisms of SEP for this mission was thatno good backups were
known. We Jooked for simpler trajectorics with onc orno Venus flybys, but permitted
more complicated flight systems involving two or three simultancous thrusters, and larger
solar arrays. Wc found direct trajectories (no Venus flybys) in 2003, and t1ajectories with
one Venus flyby launching in 2004.

Figures 5and 6 show the results for trajectories which launch in 2003, and go
directly from Farthto Jupiter.  Inligure 5, two configurations are considered: 1) a 6 kW
array using 2 thrusters launched on a Delta 7925, and 2.) an 8 kW array with thice thrasters
launched on aDelta 7326. As before, the burnout mass includes everything except the Xc
propellant, and iS shown as @ function of flight time to Pluto. The Jupiter flyby radius and
Xe pr opellant requirement are shown in parentheses.  The smaller launch vehicle 1S
probably slightly short on perforinance, even with the larger solar array and additional
thruster. Nevertheless, there aic some nice mission options here on the 1 delta 7925 down
to flight times of under 10 years. Figure 6 shows the sensitivity of this datato solar array
power, Three solutions from the vpper curve inFigure S were comp uted with arange of
solararray powetr S. The solid ver tical line in the middle intersects the curves at 6 kW -
which reflects t he value inFigure 5. Anexample of onc of these tiajectories is shownin

Figure 2.

FIG. § - SEP Performance : Jupiter Gravity- Assist to Pluto vs. Flight Time.
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FIG . 6 - SEP Performance @ Jupiter Gravit - Assistto Pluto vs. Solar Array Power

IF1 G. 7- SEP Jupiter Gravity-Assist Trajectory to Pluto.

Figures 8 and 9 show the 1esults for tmjc.clerics in 2004. These include a Venus
gravity-assist prior to going to Jupiter. The two launch vehicles previously considered are
examined here, with both the 2 and 3 t hruster configurations o1) the spacecraft. f dgure 8
shows sensitivity to flight time, and figure 9 displays sensitivity to solar array power. All
trajectorics displayed in Figure 8 have anart ay power of 6 kW. ‘1'he valuesin parentheses
are Jupiter flyby radius ant] Xe propellant as before.  In Figure 9, the effect of solar array
p owerisshown by varying the p ower for cach solution at the endpoints Of the curves in
1igure 8 - thereby bounding the problem. Pluto flighttinies arc shownin pare.l~thescs.

With the Venus gravity- assist, the Delta 7326 with 2 thrusters is still @ bit shy on
performance, though the larger arr ays help somewhat (378 kg at 8kW vs. 361kg at 6 kW
for a 12 year {light time). Yor equal flight times, a third thruster gives approximately a S0
kg performance advantage., ‘This performance benefit will be intiguing if the mass penall y
of the additional thruster and assoc iated hardware. is not too extreme.  The significant
“leveraging” ability of the S1 P isaccentuated by the fidet that one gets more performance.
advantage by adding athird thruster, than by going to a much bigger launch vehicle (see the.
two middle curves in Figure 8). 1t would be most intriguing if a way could be found to fly
this mission on the smaller Delta 7326. 'This is why the 8 kW configuration is shown in
Figure S, even though all other curves in Figures 5 and 8 are at 6 kW. Even at this higher
powerlevel, t he performance is piobably too low.

Itis also interesting that there is no particular advantage to the Venus gravity-assist
for the 2 thr uster configuration.  This is seem by comparing the 2 thruster / 1Jelta 7925

curves inligures 5 and 8. Though these are in different years, the performance of direct
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trajectories in 2003 and 2004 ave ver y similar (direct  ajectories in 2004 were computed,
but ate not shown). The Venus gravity -assist oppor (unities shownin f fgure 8 are not
available in 2004.” A 6 kW / 3thruster / Delta 7925 configuration was also considered for
the non-Venus trajectories. It is not shownin Figure 5 because it was only slightly better
than the. 2 thruster curve shown. This is because the 6 kW array does not provide enough
power to adequately drive the three thrusters.  J Larger sol ar arrays would fare better.
Therefore, unlike the 2 thrustercase, for the 3 thraster / 6 kW configuration on the Delta
7925, the Venus gravity-assist dots significantly enhance the performance. The advantage
of both a larger Jaunch vehicle and an additional thruster is quite significant, dclivering
some impressive payloads in short flight times.  An example of one of these trajectories IS

shown in Figure 10.

F1G. 8 - SEP Performance @ Venus Jupiter Gravity -Assistto Pluto vs. Flight Time,

FIG . 9- S}iP Performance @ Venus-Jupiter Gravity- Assist
to Pluto vs. Solar Array Power.

I1G. 10- SEP Venus-J ul)itc.1 Gravity-Assist Trajectory to Pluto.

Phobos Sample Return

Finally, we will consider a SEP sample return mission to the Martian moon
Phobos. As already stated there is muchinterestin studying primitive, undifferentiated
solar systemmain belt asteroids. The Martian moons, 1" helm and Deimos, may offer an
attractive alternative to a main belt mission.  They are believed by many to be  captured
C-type asteroids, Also, Mars is much closerto the sun, where it is much easier to operate

the SEP.




We compare again a chemical with a SEP option. 1 ‘igurel | shows a conventional
trajectory which lau nches in October 2000 with a ¢, of 1 0.35km"/s’. The Earth-Mars leg
is along flighttime T'ype IV (transfer angle between 1.5 and?.0 heliocentric revs) which
arrives at Mars on 21 1 ‘eb 2003. It was chosen because it has a low Mars arrival velocity
(V,,= 2.5 km/s). Other opportunitics in this time period have lower launch energics and
shorter flight times, but resultina Mars arrival V_around 4.6 kimn/s and greater.  The
optimum Ear th return oppor (unity is on18 April 2003, so that S6 days arc avail able for
rendezvousing With Phobos, collecting a sample, and preparing for departure. A Type 1
return leg arrives at Earthon10 Nov 2003 with anariival V_ of 3.0 kim/s, dlightly more

than three years after launch.

FIG. 11 - Conic Phobos Sample Return Trajectory.

The simplest strategy for Mars orbitinsertion is to direetly insert into orbit with
Phobos. T 'his requires an insertion AV of 1.76 km/s.  Certainly, other strategics might be
considered such asa series of chemical maneuvers combined with acrobraking passes
through the. Martian atmosphere, o in the limit, one acrocapture pass with a chemical
mancuver to raise periapsis and rendezvous With Phobos.  "l'able 2 compares the STiP
option with two chemical options.  The most conscrvative is all chemical with no
acrobraking and as one would expect yields the poor cst performance.  in terms of
performance, the best possible chemicalscenario woulduse an acrocapture pass {0 remove
enough energy fiom the trajectory such that it leaves the Mars atmosphere on a trajectory
with an apoapsis a Phobos, needing one chemical mancuver torendezvous.  'This gives
much better mass performance than the other cheinical option, butstill considerably less
thanthe SEP. As was done in the Vesta example above, results are shown for a Delta 7925

and alclta ‘/326.
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TABLE 2- S1 P vs. Chemical Performance for Mars Sample Return.

DIT.TA DI TA
STRATEGY LLAUNCH | TIMEAT] MISSION 7326 7925
DATH 1'110110S’ |[DURATION | BO/PROP* | BO / PROP*
(DAYS) (YR) (KG) (KG)
CHEMICAL ‘OCT 2000 5G_ 34| 1407328 | 27910656
CHEM WITH - e - T - T
AEROCAPTURE | 0CT 2000 56 3.1 1951273 390/ 545
@ MARS - _ | . Y
SHEE NOV 2000 Il 30 392718 T 17798 T30

*BO/PROP - burnout mass /propellantmass (sum of these numbers is injected mass)
¥ Delta 7326:4 kW array, 1 thruster; 1 delta 7925: 8 kW may, 2 thrusters

The S1{P trgjectory is shown in Figure 12. It Jaunches on 26 Nov 2000 with a C,
of 1.36 km?s% |t coasts for two months before beginning a long thrust phase. The
gpacecraft rendezvous with Mars in Feb 2002, spirals in to Phobos over 133 days, spends
56 days at Phobos, and spirals out over 158 days, The mode] used to estimate planetary
spiral trajectorics in VARTTOP is described in Reference [9].  The departure spiral takes
longer because Mars is moving away from the sun so that less solar array power is
avail able. The mission ends three years after launch on 26 Nov 2,003, and arrives back at
Farth with aV_ of 2.6 km/s. The three year flight time was arbitrarily chosen (flight time
not optimized), but the launch and arrival dates arc optimum subject to this three year flight
time. The flight system requires a 4 kW solar array and only one thruster operating @ a
time. The 56 day Phobos stay time was chosen for the S1 P for purposes of comparison
with the chemicalmission.  Actually, both the SHP and chemiical trajectories are rather

insensitive to changes instay time over aiange of 30 to 90 days. in each case, the burnout

mass varies 7 to 8 kg over this range.

FIG.12 - SEP ]"helm Sample Return Trajectory.




conclusions

This paper takes a currentlook at several challenging missions of high scientific
interest, and compares the. performance requirements imposed on the mission for both a
chemical and a solar electric main propulsion stage. Wc consider a Pluto flyby mission, a
Phobos sample return, and a rendezvous with the main belt asteroid Vesta. We show that
t he i nereased per formance offered by solar electric propul sion enables shorter flight times,
fewer planetary gravity-assists, or smaller launch vehicles, and in some cases - al the
above.

We emphasize that in the future, faced with the requitements of increasingly
demanding missions in an environment of shrinking budgets, mission planners will
increasingly turn to propulsion systems such as SE}’ which offer these significant
perfornance advantages. The firstuse of solar clectric propulsion as a main propulsion
stage for a planetary mission willbe on the New Millennium Program’s Deep Space 1
mission 1N 1998. 1 deep Space 1 is designed to validate this technology (as well as severa
others), and to “open the door” for using it on missions such as those described in this

paper.
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